many times a neuroblast divides. We focus on the three cially located, close to the pNB. These progeny cells are immature neurons, as they express the postmitotic identified pNBs of the larval abdomen and trace their development, from reentry into the cell cycle through neuronal marker gene elav but do not yet have the complex cell processes typical of fully differentiated neurons to cessation of proliferation. We provide evidence that activation of the cell death program in the neuroblast (data not shown and Truman et al., 1993). We find that individual clone sizes range from 35 to 94, with a mean while it is still actively dividing is the critical event limiting how many neurons it produces. The cue for apoptosis of 58 neurons ( Figure 1G ). Thus, on average a thoracic pNB produces about 60 neurons during larval life, which is provided by a neuroblast-specific pulse of the Hox/ Homeotic protein Abdominal-A (AbdA) during the last is consistent with the previous estimate of 100 covering both larval and early pupal development (Truman and larval instar. Thus, AbdA acts cell-autonomously to limit the number of progeny produced by a single neural Bate, 1988). We also note that the range of clone sizes is large (sd ϭ 12) and could be due either to developmental precursor via controlling the developmental timing of neuroblast apoptosis. As we show that Hox proteins variability or to stereotyped differences between individual thoracic pNB identities. Clearly, resolving this issue other than AbdA also have the intrinsic ability to trigger neuroblast-specific death, this strategy for regulating will not be possible until molecular markers, similar to those used for identifying individual embryonic NBs neuronal number may also be used in other regions of the CNS. Together, these findings provide a mechanism (Doe, 1992; Broadus et al., 1995), also become available for the pNBs. linking a major class of genes that encode positional information to the final clone size of a neural stem cell.
In the central abdomen, neuronal MARCM clones expressing elav-GAL4 were also recovered but only at a low frequency. However, the wide separation and ste- vm and vl ( Figure 1H ). In addition, cell counts of a large Although the number and arrangement of thoracic number of abdominal lineages (n ϭ 104) revealed that pNBs has been previously described (Truman and Bate, each of the three lineages shows some variability. Thus 1988), it has been difficult to measure accurately the the underlying cell counting mechanism is not accurate number of progeny that each precursor generates (here to within a single cell. termed clone size). One reason is that, in the thorax, the high density of neuroblasts precludes assignment of progeny to individual precursors. Figure 2B , compare with Figure  1F ). Two classes of abdominal lineage are visible at 72 nized into a column that roughly reflects their birth order ( Figure 1C) . Early born progeny tend to be located deep, hr, those that contain a large pNB and those that do not ( Figure 2B ). As both classes can be observed within close to the neuropil, while late born cells remain superfi- one individual, this reflects intrinsic lineage-to-lineage TUNEL labeling of non-pNB cells within each abdominal lineage, indicating that apoptosis is confined to the neuvariability rather than the technical limitations of staging larvae accurately. Likewise, using anti-Grh rather than roblast and does not affect its progeny. Hence, following embryonic neurogenesis and entry into a larval quiesBrdU labeling, abdominal pNBs are observed in every central abdominal segment at 48 hr, are missing from cent period, vm, vl, and dl resume divisions after the L2/3 molt for a period of about 24 hr, at which time they some segments by 72 hr, and are completely absent by 96 hr (Figures 2C-2E) that removing the activity of grim, hid, and reaper throughout larval life results in a dramatic expansion of all three abdominal lineages from a combined mean of during normal larval development, proapoptotic genes act to eliminate the neuroblast and are the limiting factor 5.4 neurons (n ϭ 99, sd ϭ 2.9) to 34 neurons (n ϭ 73, sd ϭ 7) per clone. In sharp contrast to wild-type abdominal restricting the number of neurons it generates. In the absence of H99 proapoptotic gene function, abdominal lineages at 96 hr, the mutant clones still retain a single pNB that frequently labels with H3p ( Figure 3C ). The pNBs remain mitotically active, producing many more progeny than normal. maximum number of mitoses observed at any one time per clone was two: representing divisions of the pNB and one GMC. This is also the case for wild-type lineages A Larval Requirement for abdA to Limit pNB Divisions (data not shown), strongly suggesting that the increase in neuronal number in H99 clones results from additional
In the larval thorax, precursor death does not operate, as wild-type clones in this region retain a pNB that is divisions of the pNB but not the GMCs or neurons. Thus, ; therefore, we examined clones deficient for these genes in three selected regions ( Figures  3A and 3B) . We chose the central abdomen and the posterior thorax, as these strongly express abdA or Ubx, respectively. First, however, we examined clones within the anterior thorax, which expresses a different Hox gene, Antennapaedia, and therefore serves as a negative control. In this region, we observed no effect on pNB clone size when the functions of abdA or both Ubx and abdA were removed. Conversely, within the central abdomen, pNBs lacking the larval activity of abdA did produce abnormally large clones, resembling those deficient for the H99 genes (average clone sizes of 31 and 34 neurons, respectively). In addition to clone size, abdominal lineages lacking abdA function also mimick H99 clones in one other significant respect: the pNB survives past 72 hr and can be frequently observed expressing omous requirement for abdA and the proapoptotic genes grim, hid, and/or reaper to limit abdominal clone size. This is mediated by the selective culling of the hr). Using MARCM to drive the expression of UAS-abdA neuroblast in mid-L3. Furthermore, as abdA and proapoin a clonal manner revealed that AbdA is sufficient to ptotic gene function are temporally limiting for proliferareduce average thoracic clone size from 58 to 20 neution, it is likely that they both act while the pNB is dividing rons (Figures 4A and 4C) . Importantly, for the majority and not subsequent to some other instruction to withof clones (102/122 ϭ 84%), no identifiable neuroblast is draw from the cell cycle.
visible at 96 hr ( Figure 4A ). In addition, labeled cells in these small clones are always located close to the neuropil, and the CD8::GFP reporter reveals that they AbdA Activates Neuroblast-Specific Apoptosis Next, we tested whether ectopically expressing AbdA have a morphology typical of early-born neurons (data not shown). Together, these observations are consistent in a dividing pNB would be sufficient to activate its apoptosis, thereby preventing the further production of with death of the pNB at an early stage. Presumably, due to perdurance of the GAL80 repressor after MARCM neurons. The thoracic pNBs were selected for this misexpression assay, as they do not normally undergo cell clone induction (Lee and Luo, 1999), UAS-abdA remains downregulated for some time, and thus the early larval death during the larval period. As divisions continue into pupal life, experimentally induced arrest and/or eliminadivisions of the pNB can still occur. Interestingly, however, the neurons within a clone do express AbdA at 96 tion can be conveniently scored at the late L3 stage (96 hr, and we deduce, from cell cycle estimates, that they must have sustained this for at least 1 day. As they remain viable and wild-type in appearance, we conclude that AbdA cannot induce apoptosis in postmitotic neurons. This further confirms that abdA limits abdominal clone size, by selectively activating apoptosis of the neuroblast and not its progeny.
Utilizing the ectopic AbdA phenotype, a clonal epistasis test was performed to determine whether abdA functions upstream, downstream, or in a parallel pathway to grim/hid/reaper. We generated mutant clones simultaneously lacking H99 genes and ectopically expressing AbdA. Although such thoracic clones express AbdA, they continue to proliferate throughout larval life, adopting the large size typical of wild-type lineages in this region. Moreover, all such H99 UAS-abdA clones retain their pNB at the 96 hr time point (Figures 4B and 4C ). This finding confirms that the UAS-abdA-expressing clones lacked a neuroblast, due to its previous elimination by programmed cell death. More importantly, as loss of proapoptotic gene function is epistatic to AbdA overexpression, we can formally rule out that abdA functions downstream of H99 genes. Instead, it is likely that abdA switches on the expression of one or more of the proapoptotic genes contained within the H99 deficiency, in turn leading to elimination of the pNB. what is the temporal cue triggering neuroblast death larval stages was also confirmed using Grh-lacZ and in mid-L3? While we have shown that abdA is both MARCM to label unequivocally the pNB. Thus, the reanecessary and sufficient for pNB apoptosis, our analysis son why thoracic pNBs avoid apoptosis during normal thus far does not reveal whether it normally sets the larval development is because they do not express Antp time at which death occurs. To explore this important or Ubx, despite being surrounded by many other cell types that do.
Thoracic Hox Proteins Can also Induce
issue, we sought to identify the temporal profile of AbdA expression that would account for its larval requirement assigned to each specialized region of the CNS. The in neuroblast apoptosis. time at which precursor cells stop dividing provides an We first examined expression in quiescent neuroimportant control point in this process. We have studied blasts during L2. Despite the widespread presence of this aspect of neural precursor behavior in Drosophila, AbdA-positive nuclei in the central abdomen, no expresin the context of the three identified postembryonic neusion is detectable in vm, vl, or dl at this stage ( Figure  roblasts in the larval abdomen. The final fate of these 6A). Next, we looked at two time windows during the neuroblasts, after they have generated their last GMC, mitotically active period of the abdominal pNBs. Early is programmed cell death, triggered by abdA and the in L3 (48-54 hr), soon after reentry into the cell cycle, H99 proapoptotic genes. We discuss these findings in AbdA expression was still not detectable in any of the the context of (1) the role of apoptosis in sculpting the three pNBs (Figures 6B and 6C) . In contrast, at a later adult CNS from its larval predecessor and (2) the nature time point during L3 (60-66 hr), AbdA was expressed in of the temporal signals that regulate this process. vm, vl, and dl ( Figures 6D-6H ). There are two important features to this burst of AbdA expression. First, expresCessation of Postembryonic Neuroblast Divisions sion is seen in the pNB but not in its daughter, the GMC. forthcoming. In the context of the developing adult Dromarily based on two findings, namely that abdA is only expressed in neuroblasts of the early embryo and also sophila CNS, we have identified a downstream mechathat segment-specific pNB behavior is determined prior nism linking one Hox gene, abdA, to the size of the to neuroblast delamination. Clearly, the first premise lineages generated by individual neural precursors. Our does not apply, as we have shown that pNBs do express clonal and expression analyses indicate that the neuroabdA during larval life. However, we point out that the blast is the site of action of this cell-autonomous abdA second finding, derived from elegant heterotopic cell function. Two findings argue that the proapoptotic transplantations, is not necessarily inconsistent with a genes contained within the H99 region (grim, hid, and larval abdA requirement. For example, cells transreaper) lie downstream of abdA in this process. First, planted from abdomen to thorax in the early embryo loss of either abdA or H99 activity prevents apoptosis might already possess a cell-intrinsic competence to of abdominal pNBs, and second, ectopic AbdA is unable express abdA later in larval life. to trigger apoptosis of pNBs in the thorax when H99
This study illustrates that abdA is expressed in a highly gene activity is removed. Our experiments do not distindynamic manner during neurogenesis, a finding that has guish which of the three H99 proapoptotic genes is reguimportant implications for understanding how this Hox lated by abdA or whether this regulation is direct or gene is regulated. At a specific stage of larval developindirect. Whichever is the case, the combined results ment, abdominal pNBs transiently express abdA and from this study clearly demonstrate that abdA exerts are subsequently eliminated by programmed cell death. an antiproliferative effect by shortening neuroblast
The experiments prematurely inducing AbdA by means lifespan.
of a heat shock demonstrate that the time of the AbdA We primarily focused on the role of one Hox gene, pulse sets the time of pNB apoptosis, thereby dictating abdA, but our misexpression data indicate that Antp the final number of neurons produced. This raises the and Ubx also encode proteins with the capability of issue of the nature of the developmental timer activating activating pNB cell death. As we did not detect the the larval burst of abdA expression. In particular, it will expression of either of these Hox genes in thoracic be interesting to determine whether it corresponds to a pNBs, it is unlikely that they regulate apoptosis in signifi- 
